Introduction
A reaction of associated production of a top quark pair and a Higgs boson at the future e + e − linear collider e + e − → ttH (1) can be used to determine the top-Higgs Yukawa coupling [1] . In the Standard Model (SM), after taking into account decays of the top quark, t → bW + , of the antitop quark,t →bW − , together with the subsequent decays of the W bosons, and of the Higgs boson that, if its mass is less than about 140 GeV, decays preferably into a bb-quark pair, reaction (1) takes the following form e + e − → bbbbf 1f
If we neglect the Cabibbo-Kobayashi-Maskawa (CKM) mixing in (2) then f 1 , f ′ 2 = ν e , ν µ , ν τ , u, c and f
, s, respectively. For the heavier Higgs boson, with mass m H > 140 GeV, the decay into electroweak boson pair will dominate and the detection channels of (1), will heave 10 fermions in the final state. This option is much more complicated and it will not be addressed in the present work.
Reactions (2) receive contributions from tens thousands of Feynman diagrams already in the lowest order of SM. For example, reactions
which correspond to the leptonic, semileptonic and hadronic decays of the W bosons, receive contributions, respectively, from 37 868, 26 816 and 240 966 Feynman diagrams in the unitary gauge, with the neglect of the Yukawa couplings of the fermions lighter than the c quark. An overwhelming majority of the diagrams comprise background to the resonant production and decay of the top quark pair and Higgs boson that is mediated by 20 signal Feynman diagrams which contain the propagators of the top, antitop and Higgs at a time. The representative signal Feynman diagrams are shown in Fig. 1 . To which extent the background contributions may affect the associated production of the top quark pair and Higgs boson has been discussed in [2] for a few selected reactions (2) . A similar issue was also discussed in [3] , where processes of the form e + e − → bbbbW
accounting for the signal of associated Higgs boson and top quark pair production, as well as several irreducible background reactions, were studied and in [4] , where pure electroweak (EW) contributions to the leptonic and semileptonic reactions (2) were computed. The off resonance background contributions in e + e − → Hbbudµ −ν µ have been calculated in [5] .
In the present work, we will present results for the lowest order cross sections of all reactions (2) possible in the SM calculated with the complete set of the Feynman diagrams with cuts on angles and energies of the final state particles that should allow for identification of the corresponding jets and/or separate charged leptons [6] . Such results for reaction (4) were already shown in our former work [2] . The size of the background contributions can be then inferred from comparison of these cross sections with the signal cross sections of the associated production of the top quark pair and Higgs boson. To illustrate the size of the QCD background we present also the cross sections calculated with the neglect of the gluon exchange contributions. The calculation has been performed with carlomat, a recently released program for automatic computation of lowest order cross sections [7] . For testing purposes, the lowest order cross sections calculated with the complete set of the Feynman diagrams have been also computed with another multipurpose Monte Carlo (MC) generator WHIZARD/OMEGA [8] . Moreover, we will include the initial state radiation (ISR) effects and discuss the dependence of the cross sections on the Higgs boson and top quark masses.
decay, are calculated in the lowest order of SM. This, combined with the use of CMS, which preserves the Ward or Slavnov-Taylor identities and hence the gauge invariance, should minimize the unitarity violation effects. The latter are related to the fact that substitution (6) introduces spurious terms of order O(Γ a /m a ) = O(α) relative to the lowest order in places other than the resonant propagators. These higher order unitarity violating terms cannot be enhanced due to the exact preservation of the Ward or Slavnov-Taylor identities, however, the use of other widths in (6) than the lowest order ones would have increased them, as we do not include any higher order corrections to the unstable particle decays.
As in the next to leading order the number of the Feynman diagrams increases dramatically, calculation of the full O(α) radiative corrections to any of reactions (2) is not feasible either at the moment or even in the foreseeable future. However, precision of theoretical predictions for such reactions can be improved by the inclusion of the ISR effects in the leading logarithmic (LL) approximation in the structure function approach. The most recent version of carlomat allows to compute the ISR corrected cross section in LL approximation dσ LL (p 1 , p 2 ) according to the following formula
where p 1 (p 2 ) is the four momentum of a positron (electron), x 1 (x 2 ) is the fraction of the initial momentum of the positron (electron) that remains after emission of a collinear photon and dσ Born (x 1 p 1 , x 2 p 2 ) is the lowest order cross section calculated at the reduced four momenta of the positron and electron. The structure function Γ LL ee (x, Q 2 ) is given by Eq. (67) of [10] , with 'BETA' choice for non-leading terms. The splitting scale Q 2 , which is not fixed in the LL approximation is selected to be equal
carlomat generates also dedicated phase space parametrizations which take into account mappings of peaks in the matrix element caused by propagators of massive unstable particles, of a photon, or a gluon in each Feynman diagram. This means that a number of different phase space parametrizations generated is equal to a number of the Feynman diagrams. The phase space parametrizations are automatically implemented into a multichannel MC integration routine that performs integration over a 20-dimensional phase space of reactions (2) . The integration is performed in several iterations, with the weights of different kinematical channels determined anew after each iteration. In this way, the kinematical channels with small weights are effectively not used in the subsequent iterations.
Results
We use the following set of initial physical parameters: the Fermi coupling, fine structure constant in the Thomson limit and strong coupling
the W -and Z-boson masses
the top quark mass and the heavy external fermion masses
The same masses are used both in the matrix elements and phase space parametrizations. We would like to stress that, in the CMS, the complex top quark mass calculated according to Eq. (6) enters both the top quark propagator, including the numerator, as well as the top-Higgs Yukawa coupling. In order to speed up the computation fermion masses smaller than those of the c quark and τ lepton have been neglected.
The value of the Higgs boson mass is assumed at m H = 130 GeV. To avoid unitarity violation the widths of t-quark, W -and Higgs bosons are calculated to the lowest order of SM resulting in the following values:
The Z boson width, whose actual value is not relevant in the calculation, is fixed at its experimental value Γ Z = 2.4952 GeV.
We identify jets with their original partons and define the following basic cuts which should allow to detect events with separate jets and/or isolated charged leptons:
• cuts on an angle between a quark and a beam, an angle between two quarks and on a quark energy:
• cuts on angles between a charged lepton and a beam, a charged lepton and a quark and on energy of the charged lepton, l = µ, τ , in the semileptonic detection channels of (2) 5
• a cut on an angle between the two charged leptons in the leptonic detection channels of (2)
• a cut on the missing transverse energy in the hadronic and semileptonic detection channels of (2)
The results for the lowest order cross sections of the different channels of (2), which correspond to different decay modes of the W + and W − bosons resulting from t andt decays, are shown in Tables 1-3 for √ s = 500 GeV, 800 GeV, 1 TeV and 2 TeV, the first two centre of mass energies being characteristic for the International Linear Collider (ILC) project [11] and the second two for the Compact Linear Collider (CLIC) design [12] . We present cross sections of specific reactions, calculated with the complete set of the lowest order and σ all have been computed with the same cuts and initial input parameters. The comparison shows agreement within 1-3 standard deviations of the MC integration that is indicated in parentheses. In order to illustrate the size of the QCD background for each reaction we present also the cross sections σ no QCD with the neglect of the gluon exchange contributions, computed with carlomat. Comparison of σ all and σ no QCD shows that the QCD contributions are sizeable, amazingly enough also for the leptonic channels of Table 1 . They are particularly large at √ s = 500 GeV, where the signal is reduced because of the limited phase space volume available for reaction (1) . However, the QCD background is sizeable also for higher centre of mass energies. This is somewhat surprising if one takes into account a possibly low virtuality of the exchanged gluons. Let us note that, despite quite different numbers of the Feynman diagrams contributing, the cross sections in Tables 1-3 are practically flavor independent within each of the detection channels. This means that, due to the cuts enforced, there is practically no dependence on m b , m c and m τ in the gluon and/or photon exchange background contributions.
The full size of the background contributions can be inferred from comparison of the cross sections σ all of Tables 1-3 with the corresponding signal cross sections presented in Table 4 . The background contributions are large, but they can be efficiently reduced by imposing cuts on invariant masses allowing for reconstruction of the top, antitop and Higgs boson.
In particular, a narrow cut, of the order of 1 GeV, on the invariant mass of the two b-jets that reconstruct the Higgs boson mass reduces the background very efficiently. This issue has been already extensively discussed in [2] so we will not address it here. The signal cross sections are also the same for all the channels within a given type: leptonic, semileptonic and hadronic one, as we have neglected the light fermion masses. However, even if the light fermion masses had been kept non zero, the flavor dependence of the cross sections would have been negligibly small, as amplitudes of the signal diagrams of the associated production of the top quark pair and Higgs boson are almost completely independent of the external fermion masses which always couple to the propagators of the heavy particles.
Let us note that, in spite of somewhat different cuts imposed, the cross sections of the semileptonic channels in Tables 1-4 are roughly a factor 3 bigger than those of the leptonic channels. A similar relation holds between the cross sections of the hadronic and semileptonic channels.
It is interesting to look at the dependence of the cross sections on the Higgs boson and top quark masses. In order to illustrate this we show in Table 5 the cross sections σ all , σ no QCD and σ signal of reaction (4) with cuts given by (13), (14) and (16) (2) calculated with WHIZARD/OMEGA (first column) and carlomat (second column) with cuts given by (13), (14) and (15). The numbers in parenthesis show the MC uncertainty of the last decimal.
section, a factor 2 for pure EW contributions and a factor 1.3-1.5 for the full cross section. The change of a top quark mass in Table 5 is smaller than that of the Higgs mass, however, it has proportionally the same effect on the cross section at √ s = 500 GeV. This can be easily traced back to the phase space volume limitations that are much stronger for the Table 2 : Cross sections in ab of semileptonic detection channels of (2) calculated with WHIZARD/OMEGA (first column) and carlomat (second column) with cuts given by (13), (14) and (16). The numbers in parenthesis show the MC uncertainty of the last decimal.
heavier Higgs boson and top quark. At higher energies, where the relative differences in cross sections are smaller, the mass dependence becomes more involved as the phase space effect interferes with the shift of the maximum of the cross section dependence on √ s that is caused by changes in m H and/or m t . For example, the signal cross section at √ s = 800 GeV Table 3 : Cross sections in ab of hadronic detection channels of (2) calculated with WHIZARD/OMEGA (first column) and carlomat (second column) with cuts given by (13) and (16). The numbers in parenthesis show the MC uncertainty of the last decimal. Table 4 : Signal cross sections in ab of different detection channels of (2). The cuts are given by (13), (14) and (15) for the leptonic, by (13), (14) and (16) for the semileptonic and by (13) and (16) for the hadronic channels. The numbers in parenthesis show the MC uncertainty of the last decimal.
for m H = 115 GeV is about 50% bigger than that for m H = 130 GeV, while the cross section for m t = 171 GeV is smaler smaler than that for m t = 176 GeV. In order to illustrate the potential effect that the unitarity violating terms discussed in Section 2 may have on the presented results we show in Table 6 the lowest order cross sections of (4) calculated with carlomat for two different values of the Higgs boson mass m H and m t = 174.3 GeV in the CMS and fixed width scheme (FWS). The latter differs from the CMS in the definition of the EW mixing parameter that instead of by Eq. (7) is defined by
with m W and m Z being physical masses of the EW bosons. As the cross sections agree within one standard deviation of the MC integration, we see that the unitarity violation terms are not enhanced in the FWS at the presented values of √ s, even though the Ward or Slavnov-Taylor identites are not stisfied in this scheme.
The impact of the ISR is illustrated in Table 7 , where we show the cross sections σ all+ISR , σ no QCD+ISR and σ signal+ISR for reaction (4) including ISR according to Eq. (8) with the splitting scale Q 2 = s. They have been calculated with the Higgs boson masses m H = 115 GeV and m H = 130 GeV, and the top quark mass m t = 174.3 GeV. These cross sections should be compared with the Born cross sections at the corresponding centre of mass energy and m t = 174.3 GeV in Table 5 . We see that, as could be expected from Eq. (8) 
Summary
We have presented results for the lowest order cross sections, calculated with the complete set of the standard model Feynman diagrams, of all reactions (2) relevant for the associated production of the top quark pair and Higgs boson that can be used for determination of the top-Higgs Yukawa coupling at the e + e − linear collider. A comparison with the corresponding signal cross sections of (1) has shown that the background contributions are large for typical particle identification cuts. In particular, the QCD background contributions are much bigger than it could have been expected taking into account a possibly low virtuality of exchanged gluons. As we have shown elsewhere [2] for a few representative channels of (2) the background can be efficiently reduced by imposing invariant mass cuts allowing for the top and antitop quark, and Higgs boson identification. We have shown that the unitarity violating terms discussed in Section 2 have practically no effect on the lowest order cross sections of (4) at the considered range of √ s by comparing the cross sections calculated in the CMS and FWS, where the latter violates gauge invariance.
Moreover, we have included the ISR and illustrated its effects concentrating on a semileptonic reaction (4) for which we have have also discussed the dependence of the cross sections on the Higgs boson and top quark masses. Taking into account cross sections of the different ttH detection channels presented in Tables 1-7 the best place to measure the top-Higgs Yukawa coupling seem to be a linear collider operating at the centre of mass energy of about 800 GeV.
